The basement membrane is a highly intricate and organized portion of the extracellular matrix that interfaces with a variety of cell types including epithelial, endothelial, muscle, nerve, and fat cells. The laminin family of glycoproteins is a major constituent of the basement membrane. The sixteen known laminin isoforms are formed from combinations of α, β, and γ chains, with each chain containing specific domains capable of interacting with cellular receptors such as integrins and other extracellular ligands. In addition to its role in the assembly and architectural integrity of the basement membrane, laminins interact with cells to influence proliferation, differentiation, adhesion, and migration, processes activated in normal and pathologic states. In vitro these functions are regulated by the posttranslational modifications of the individual laminin chains. In vivo laminin knock-out mouse studies have been particularly instructive in defining the function of specific laminins in mammalian development and have also highlighted its role as a key component of the basement membrane. In this review, we will define how laminin structure complements function and explore its role in both normal and pathologic processes.
I. INTRODUCTION
The basement membrane (BM) is a complex and highly organized yet dynamic matrix of extracellular material that interfaces with epithelial, endothelial, nerve, fat and muscle cells to provide mechanical support and stability, structural compartmentalization, regulation of cellular activities, and a physical reservoir for cellular growth factors. Basement membranes are specialized for different tissue types but have a basic cross sectional structure divided into the lamina lucida, lamina densa, and the sublamina densa. The lamina densa which defines the electron dense region of the basement membrane, is comprised predominantly of polymeric networks of collagen and laminin integrated by crosslinkers such as nidogen and perlecan (Ghohestani et al. 2001) . The laminin family of glycoproteins, first discovered as a product of mouse Engelbreth-Holm-Swarm sarcoma (EHS) cells almost three decades ago (Timpl et al. 1979) , play a significant role in basement membrane assembly, architecture, and regulation of cellular differentiation, adhesion, and migration. This review will serve to explore the relationship between laminin structure and function, including its role in pathologic processes, from the molecular to the organismal level.
II. LAMININ EVOLUTION
Laminins exhibit cross-species similarities in domain sequence. Similar to other basement membrane constituents, laminins are evolutionarily ancient and conserved gene products found in both vertebrates and invertebrates. It is thought that the present day family of laminins arose a single laminin gene, similar to the one found in Hydra vulgaris, through a series of gene duplications and modifications. Laminin α and β chains from Hydra have been cloned and show much sequence similarities to both vertebrate and invertebrate laminin α and β chains (Sarras et al. 1994; Zhang et al. 2002) . Invertebrate have been found to express 4 different subunits of laminins (β chain, γ chain; αA and αB in C. elegans and α1,2 and α3,5 in D. melanogaster), which are capable of assembling into 2 different laminin trimers throughout development. From similarities in sequence, it seems that the mammalian α1 and α2 chains branched with the αA/α1,2 lineage, whereas the mammalian α5 chains branched with the αB/ α3,5 lineage (Miner et al. 2004b) . Interestingly and consistent with its evolutionary history, α1/laminin 1 and α5/laminin 10 are the only laminins which show widespread expression during embryogenesis and are crucial during mammalian embryonic development, as will be discussed in subsequent sections.
III. FAMILY OF LAMININ PROTEINS
Laminins are extracellular heterotrimeric glycoproteins composed of various combinations of α, β, and γ chains. These large molecules are 400-900 kDa in weight and exhibit a cross shape. To date, five α, four β, and three γ chains (Miner and Yurchenco 2004b) , as well as chain splice variants, have been identified to create sixteen known laminins (laminins 1-15) in mammals (Aumailley et al. 2005) (table 1) . The number of combinations that can be created from the three chains exceeds the number of laminins identified, as not all combinations of the three chains have yet been found to occur.
Each chain in the laminin molecule consists of rodlike, globular, and coiled coil regions (see Figure II) (Colognato et al. 2000) . The separate chains are held together at the coiled coil regions by disulfide bonds (Ekblom et al. 2003; Miner and Yurchenco 2004b) . The largest chain is the α chain, which contains the long arm on the C terminal end and a short arm on the N terminal end. The C terminal end of the long arm consists of the LG 1-5 domains, which are involved in interactions with cellular receptors such as integrins and dystroglycans. The N terminal end of the short arm is also capable of binding to integrin receptors, although it is more associated with polymerization of the molecule (Patarroyo et al. 2002) . The short arm of α chains displays great diversity in length. Laminins1-4 and 12 have full length α chains short arms, laminins 5-9 have truncated α chains short arms, and laminin 10-11 have elongated full length α chains short arms (Cheng et al. 1997; Colognato and Yurchenco 2000) . The β and γ chains are involved in interactions with molecules in the extracellular matrix (ECM). For example, the γ3 chain of laminin 15 (Gersdorff et al. 2005 ) and the γ1 chain of laminin1 binds nidogen (Gerl et al. 1991) , while the β3 chain of laminin 5 binds to collagen VII (Chen et al. 1999 ). Laminin 5 is the only laminin with truncated β and γ short arms (Cheng et al. 1997) Within the rough endoplasmic reticulum, individual laminins subunits are co-translationally glycosylated with high mannose oligosaccharide side chains at the N terminus. Glycosylation stabilizes the subunits and protects these products from degradation (Morita et al. 1985) . Different laminins are glycosylated in varying amounts, depending on the number of glycosylation concensus sites . Laminin trimer assembly begins first by the stable association of the β and γ chain (Figure 3) . The α chain then combines with this dimeric complex in order for the trimeric molecule to be secreted. This is the rate limiting step Schneider et al. 2006) . The laminin trimer then undergoes terminal glycosylation within the Golgi organelle (Morita et al. 1985) and is then secreted out of the cell, deposited, and undergoes proteolytic processing of its chains. The processing that occurs, as will be described in subsequent sections, affects important cellular processes such as movement. Both epithelial and mesenchymal cells contribute to the deposition of laminin into the basement membrane (Patarroyo et al. 2002) .
The nomenclature for laminins has been recently revised in 2005 (Aumailley et al. 2005) . Traditionally, laminins were named by numbering them in the order in which they were discovered. The new simplified nomenclature assigns a three digit number to each laminin, with each digit representing the number of the individual chain type found within the trimer. For example laminin 5, which consists of α3β3γ2 chains, is now termed laminin 332. Although this section has utilized the traditional system to introduce the laminin family in a logical fashion, the subsequent sections in this paper will employ the new nomenclature system when appropriate.
IV. LAMININS IN PROMOTING BASEMENT MEMBRANE ASSEMBLY AND TISSUE INTEGRITY
Laminins play a prominent role in providing structure to the ECM and anchorage for cells to the basement membrane. Those laminins containing full-length chains in all short arms are capable of polymerization. According to the three-arm interaction model, the three N terminals short arms are believed to interact with the N terminal short arms of other laminins to produce a lattice-type supramolecular network (Cheng et al. 1997) . N terminal bonding is calcium dependent (Miner and Yurchenco 2004b) . In addition to polymerization, laminin molecules are incorporated into the ECM by interactions with other ECM molecules such as collagen IV, nidogen, and fibulin, or other laminins. For example laminin 332, which has truncations in all short arms and hence cannot self-polymerize, can bind to laminin 311, laminin 321, and collagen VII via its β3 chain (Chen et al. 1999) . Its γ2 chain can associate with collagen VII, nidogen, and fibulin (Sasaki et al. 2001; Schneider et al. 2006) . By associating with nidogen, it is connected into the extensive collagen IV network; by association with other laminins, it is capable of forming heteropolymers within the ECM (Schneider et al. 2006 ). Laminin 332 is unique amongst laminins in that it also serves to anchor cells to the basement membrane via hemidesmosome complexes. The C terminal G domains of the α3 chain binds to the surface integrins (α6β4, α3β1), which connect to cytokeratin filaments within the cell, while the N terminal short arms connect to collagen VII, which provides anchorage to the dermis (figure 2).
The importance of laminins in maintaining tissue integrity is demonstrated in the group of diseases known as junctional epidermolysis bullosa (JEB), a blistering skin condition in humans whereby laminin 332 is functionally compromised by genetic mutations in any of its three chains or antibodies against any of these chains. The skin splits at the level of the hemidesmosome. The Herlitz variant of JEB is particularly severe, as laminin 332 is completely absent in this condition (Varki et al. 2006 ). Deletion of laminin 332's hemidesmosomal binding partner α6 or β4 integrin chains in mice also creates a similar blistering phenotype (GeorgesLabouesse et al. 1996; van der Neut et al. 1996) . The role of laminins in supporting tissue integrity is also demonstrated in diseases of muscular dystrophy. Laminin 211 is found predominantly in skeletal muscle tissues and serves as an anchor between the dystrophin glycoprotein complex (DGC) that lies at the cytoplasmic surface of muscle cells and the surrounding extracellular matrix. LAMA2 gene mutations in humans result in congenital muscular dystrophy 1A (CMD1A) (Helbling-Leclerc et al. 1995) . A similar phenotype is found in mice with deletions of the laminin α2 chain (Miyagoe et al. 1997) . A discussion of laminin receptors and muscular dystrophies is provided in the following section. The pathologies of these diseases are exactly what one would predict based on our understanding of the structure and function of laminins in the basement membrane.
V. INTERACTIONS OF LAMININS WITH CELLS
The major cell surface receptors for laminins include integrins and nonintegrin molecules. At least eight integrins are known to interact with laminins (Givant-Horwitz et al. 2005 ) including α1β1, α2β1, α5ν1, α3β1, α6β1, α6β4, αvβ3, αvβ5, and α7β1 (Burkin et al. 1999; Tzu 2005) . Each integrin recognize particular sequences within the laminin α chain and thus binds only to specific set of laminins. The recognition/binding site on the integrin receptor is formed by a combination of its α and β chains, although the α chain may contribute more to ligand specificity (Tarone et al. 2000) . Integrins recognize and bind to laminins mostly at the C terminal LG tandem of the α chain, although this could also take place at the N terminal domain (full length chains) and laminin 4b domain (α3 chain). In addition, interactions of integrin with the laminin β and γ chain have also been reported (Patarroyo et al. 2002) . Recently, the third glutamic acid residue from the C terminal of the gamma chain has been found to play an important role in laminin-integrins binding (Ido et al. 2007) . Once bound to its ligand, the intracellular cytoplasmic portion of the integrin can activate focal adhesion kinases (FAK), small rho GTPases, and MAPK pathways to effect cellular activities (Givant-Horwitz et al. 2005) . Laminins also interact with nonintegrin cellular receptors such as a dystroglycan, 32/67 kDa laminin receptor, 67 kDa elastin-laminin receptor, galactoside-binding lectin, galactosyltransferase, heparin sulfate proteoglycans, and Ig-related basal cell adhesion molecule (Patarroyo et al. 2002) . Again, most of these interactions occur at the C terminal LG1-5 of the α chain, although interactions with other chains may also occur. The importance of laminin-receptor interactions can be underscored by human conditions and mouse models in which laminin receptors are functionally absent. Junctional epidermolysis bullosa with pyloric atresia (JEB-PA) is an example of a skin blistering condition that involves a defective α6β4 integrin, a component of hemidesmomes (Ashton et al. 2001) . Congenital muscular dystrophies have been observed in humans with missing α7β1 integrins, the main integrins found in myocytes, and mutations within the dystrophin glycoprotein complex, a complex of cytoplasmic bound to dystrophin, that links the actin cytoskeleton of the muscle cell to its extracellular matrix. Duchenne's muscular dystrophy results when the absence of dystrophin disrupts the integrity of the DCG and hence alters the mechanical stability of the muscle cell, such that the cell becomes susceptible to injury with the stresses of repetitive contractile forces (Burkin and Kaufman 1999; Kanagawa et al. 2006) Normally, the alpha chain of the dimeric dystroglycan receptor binds to the C terminal LG4-5 domains of the laminin molecule (Sasaki et al. 2004) . Similar muscular dystrophy phenotypes are replicated in knockout mouse models with the respective receptor deletions (Dowling et al. 1996; Mayer et al. 1997; Rooney et al. 2006) . Interestingly, in humans, there have been no genetic conditions associated with primary mutations of the dystroglycan gene. Deletions of the dystroglycan gene in mouse models have resulted in embryonic lethality as a result of failure to form Reichert's membrane, accompanied by an absence of laminin and collagen networks. It is thought that dystroglycan facilitates incorporation of laminins into the ECM, which in turn allows collagen IV network assembly. Such data suggests that dystroglycan plays an essential role in early embryogenesis. The curious lack of data on human muscular dystrophies associated with dystroglycan defects may be a result of the embryonic lethal nature of a mutation in such an important gene (Williamson et al. 1997 ).
VI. LAMININ PROCESSING
As mentioned previously, laminin molecules can undergo multiple posttranslational modifications before reaching its final form. How these hetermotrimeric molecules are processed affects the dynamics of cellular movement. Processing of each of the three chains by specific enzymes has been reported ( Figure II) , with specific effects on the interacting cell. These studies have mostly focused on laminin 332 processing.
The laminin-332 α3 chain can be processed at both C and N terminals. C terminal processing occurs in both splice variants α3A, a shorter 190kDa form, and α3B, a longer 325kDa form. Cleavage of these two splice variants occurs between the LG3 and LG4 domains and produces 165 kDa and 280 kDa products, respectively (Aumailley et al. 2003) . Plasmin, MMP2, MT1MMP, and BMP1 are all enzymes reported to participate in C terminal α3 processing (Veitch et al. 2003) . Since LG4-G5 is involved in binding to cellular receptors such as syndecan and dystroglycans, and integrins, processing of the C terminal α3 chain is thought to regulate cellular movement. This complex topic will be further explored in the next section. In addition, α3A N terminal processing can also occur. Cleavage at the LEc tandem shortens the chain from 165 kDa to 145kDa. The proteolytic enzyme involved at this site has not been identified, however it is thought that BMP-1 is not a likely participant (Amano et al. 2000) . In human skin basement membranes, it was observed that all laminin-332 have processed α3 C terminals (Aumailley et al. 2003) whereas only half are found with processed α3 N terminals (Marinkovich et al. 1992a ). This suggests that processing has a physiologic role in humans.
Although most studies have focused on the laminin-332 α3 chain, processing of α chains found in other laminins has also been described. Laminin α4 and α2 chain C-terminal processing occurring at the LG3-G4 region, as in α3 chains, have been described in mice (Talts et al. 1998; Talts et al. 2000) . The significance of such processing in in vitro and in vivo systems has been less well described. Laminin α5 chain also undergoes cleave at multiple sites by MT1-MMP to generate 45 kDa, 310 kDa, 190 kDa, and 160 kDa fragment products. Processing of this chain in laminin 511 is associated with decreased adhesiveness of human prostate cancer cells to the underlying laminin 511 substratum and hence increased transmigratory potential (Bair et al. 2005 ).
There have been few studies focusing on human laminin 332 β3 chain processing. Laminin-332 β3 chain cleavage occurs at the N terminus and reduces the chain from 140 kDa to 80-90 fragments in one study (Udayakumar et al. 2003) , and to both 80 and 110 kDa fragments in another study (Nakashima et al. 2005) . β3 proteolysis carried out by MT1MMP has been observed in human prostate cancer cells (Udayakumar et al. 2003 ) and MMP7 in human colon cancer cells (Remy et al. 2006 ). These studies concluded that β3 processing facilitated tumor cell migration. Interestingly, β3 chain proteolysis can also occur in the presence of MMP inhibitors, suggesting that other proteinases produced endogenously from cells such as BMP-1/ mTLD may be the physiologic mediators (Nakashima et al. 2005) . β3 chain processing seems to be species specific, as rat β3 chains do not undergo processing (Udayakumar et al. 2003) .
Numerous studies have focused on laminin-332 γ2 processing. The γ2 chain is a 155 kDa chain that undergoes processing at the N terminal. Earlier studies by Koshikawa suggested that MMP2 and MT1MMP participate in cleaving the rat γ2 chain to 80 kDa and 100 and 80 kDa fragments respectively (Koshikawa et al. 2000) . However, a subsequent study by Veitch revealed that unlike rat γ2, the human γ2 chain does not undergo processing by MMP2 or MT1MMP. Instead, BMP-1 isoforms were found to process the 165 kDa γ2 chain to 105 kDa. In particular, mTLD may be the physiologic enzyme, as it is the main BMP isoform found in human skin. γ2 processing occurred even in the presence of MMP inhibitors. The difference between enzymatic action was attributed to the likely difference in cleavage site sequences between rats and humans. To underscore the physiologic importance of BMP's role in laminin-332 processing in an in vivo system, Veitch demonstrated that skin in BMP null mice exhibited abnormal laminin-332 processing as well as abnormal hemidesmosomes in the lamina densa (Veitch et al. 2003) . Koshikawa then contradicted the findings by demonstrating that MT1MMP was actually able to process human monomeric and hetermotrimer-bound γ2 into 105kDa and 85kDa fragments. In addition, similar to rat γ2 processing, an internal DIII fragment (25 or 27 kDa) is also generated in the process. The released DIII fragment which binds to EFGR was demonstrated to activate migration of cells. When a comparison of the cleavage site sequences was performed between rat and human γ2, it was found that the first cleavage site was conserved while the second site(s) was not (Koshikawa et al. 2005) . The reason for the discrepancy in data between the two groups is unclear. However, an analogy can be drawn with the discrepancies found in the different studies that examined β3 chain processing.
The importance of in vivo laminin-332 processing using BMP-1 knock out mice was described previously. In human skin, only processed γ2 is found, suggesting that γ2 processing could have an important physiologic role (Marinkovich et al. 1992a ). Defective γ2 processing in humans results in cylindromatosis, a rare genetic disorder describing multiple benign epithelial tumors. Laminin-332 α and γ chains are found mostly in the unprocessed 165kDa and 155 kDa forms, the basement membrane thickens and develops abnormally in structure, and the different integrin receptors are found in improper ratios. In addition, laminin-332's interaction with other ECM components is altered, as binding to partner molecules such as collagen VII is dependent on its processed state (Tunggal et al. 2002) .
VII. LAMININS AND CELL MIGRATION
The ECM provides critical signals to interfacing cells to direct the dynamics of cellular motion. For some time, there appeared to be contradictory data on effects of laminin-332 on cellular motility (Goldfinger et al. 1998 ). Certain cell lines were known to produce a laminin-332 matrix which promoted migration (Zhang et al. 1996) whereas other cell lines produced laminin-332 which promoted hemidesmosome formation (Baker et al. 1996; O'Toole et al. 1997 ). Goldfinger noted that that the laminin-332 α3 chains secreted by cell lines which favored migration were intact, while laminin-332 α3 secreted by cell lines which promoted hemidesmosome formation were processed (Goldfinger et al. 1998) . It is now thought that processing of laminin chains, especially the α and γ chains of laminin-332, play a role in regulation of cell migration via haptotaxis and chemotaxis (Veitch et al. 2003; Koshikawa et al. 2004; Koshikawa et al. 2005 ).
Processing of laminin α chains is thought to alter its binding ability to various integrins, by differential exposure of binding sites/sequences to integrin receptors. The intact α3 chain is capable of binding, via its LG2-LG3 domains, to α3β1 and α6β1 integrins, both of which signal the cell to migrate. Experiments involving antibody mediated activation of α3β1 and α6β1 integrins initiate the MAPkinase ERK1/2 pathway that ultimately results in cellular movement. Processing of the α3 chain at the LG3-LG4 domains may expose an internal binding site that allows binding to α6β4 the integrin constituting hemidesmosomes, thereby theoretically increasing hemidesmosomal formation and inhibiting migration (Hintermann et al. 2004) . Experiments involving antibody mediated activation of α6β4 results in erbB2 phosphorylation and initiation of the PI-3K pathway, which inhibits α3β1. This suppression of integrin activity by another integrin is known as trans-dominant inhibition and the exact mechanism in unclear (Hintermann et al. 2001) . Experiments show that α6β4 signaling ultimately leads to increased cadherin related cell-cell adhesion that could inhibit cellular movement (Hintermann et al. 2005) . Although there is a general concensus that α6β4 supports adhesion, controversy exists regarding its role in cell migration. Some recent studies show that α6β4 supports migration (Nikolopoulos et al. 2005; Sehgal et al. 2006) . One study suggested that α6β4, via rac signaling, helps organize laminin-332 organization within the ECM and hence affects the track of cellular movement (Sehgal et al. 2006) . It should be noted that this model of laminin-integrin mediated movement is specific to laminin-332, as other integrin-laminin interactions produce different results (Hintermann and Quaranta 2004) .
Processing of the laminin γ chain is also implicated in cell migration. The DIII fragment that is released during γ2 processing binds to erbB1, part of the EGFR family, initiating the ERK 1/2 pathway. ErbB1 activation phosophorylates the beta chain of α2β4 and causes hemidesmosomal disassembly, necessary for cellular movement. ErbB1 in turn, also activates expression of MMP2, which contributes to further processing of laminin 5 γ chain for cell migration (Schenk et al. 2003) .
VIII. WOUND HEALING AND TUMOR INVASION
Given the role of laminin 332 in cell migration, it is not surprising that laminin-332 is implicated in processes such as wound healing and tumor invasion. Interestingly, keratinocytes activated at the leading edges of wounds are found to express high levels of unprocessed laminin-332 α3 chains, while other quiescent keratinocytes are found to express processed laminin α3 chains. In vitro studies demonstrate that these leading keratinocytes deposit the unprocessed laminin-332 at the rear of the cell, forming a trail of laminin-332 deposits (see Figure 4) , underneath which the collagen substratum is removed (Frank et al. 2004 ). α3β1 and α6β4 integrins are also both found at leading wound edges and seem to play a role in wound healing, as antibodies against either integrin partially impede wound closure in cell culture models, while antibodies against both integrins impede wound closure more so. The α6β4 integrins are proposed to form "immature hemidesmosomes" and is therefore consistent with its role in wound healing (Goldfinger et al. 1999) . Laminin 332-α6β4 integrin interaction at wound edges activates the PI3K signal pathway, allowing for α3β1 integrin mediated cellular spreading over laminin-332. Deposition of laminin-332 over the exposed collagen during wounding thus causes leading keratinocytes to switch from rho GTPase signaling associated with collagen-α2β1 integrin to PI3K signaling associated with laminin 332-integrins for spreading during wound repair (Nguyen et al. 2000) . However, even before keratinocyte are activated from quiescent to leading, α3β1 interactions with endogenous laminin-332 are still required to increase the rho GTPase levels necessary for collagen mediated spreading and subsequent laminin-332 deposition. Nguyen et al posit that even though the endogenous, processed laminin-332 has been traditionally considered inhibitory to migration, the activation state of the cell contributes to its motility as much as the state of laminin processing. Hence, local inflammatory mediators can activate quiescent cells at the wound site to spread in response to processed laminin-332 -α3β1 integrin interaction (Nguyen et al. 2001 ).
Many epithelial human cancers, including lung, colon, and squamous cell have been found to express high amounts of the laminin γ2 chain especially at its leading edges (Pyke et al. 1995; Kainulainen et al. 1997; Maatta et al. 1999; Ono et al. 1999; Yamamoto et al. 2001) . The high expression levels of γ2 have been found to correlate with cancer invasiveness and its detection has been proposed to serve both clinical diagnostic and prognostic purposes (Noel et al. 2005) . Most of the γ2 chains detected in these tumor cells were located in the cytoplasm and in monomeric forms (Katayama et al. 2004 ), which interestingly is more sensitive to processing compared to the heterotrimeric forms (Koshikawa et al. 2005) . Laminin γ2 chain processing, as demonstrated in a number of studies, plays a role in tumor cell invasion. Human breast cancer cells are stimulated to migrate when the γ2 chain is processed with the addition of exogenous MMP2 (Giannelli et al. 1997 ). In addition, migration is also induced when the γ2 chain is processed by endogenous MMP2 activated by cellular MT1-MMP or MT1MMP alone, providing more of a physiologic model for spatial control of migration (Koshikawa et al. 2000) . A clinical study of pancreatic cancer patients found that patients with metastatic pancreatic cancer to the liver had a significantly higher level of processed γ2 N terminal fragments within the serum compared to lower stage pancreatic cancers and normal individuals (Katayama et al. 2005 ). This finding is not surprising, since the soluble N terminal γ2 fragments are released into the extracellular fluids upon proteolysis and the amount of proteolysis correlates the invasiveness of the tumor (Katayama and Sekiguchi 2004) .
IX. TISSUE DISTRIBUTION OF LAMININ ISOFORMS
Expression patterns of laminin isoforms are regulated both temporally and spatially during development. This results in a specific distribution of laminin isoforms within an organism at any given time. Regulation of α chain expression is an important determinant of the laminin isoform found in a tissue. The α1 chain, found in laminin 1 (111) and 3 (121), is heavily expressed in epithelial cells during early embryogenesis. Its expression becomes more restricted as the organism develops and is found in adult reproductive organs, kidney, and liver (Ekblom et al. 2003) . The α1 chain was once thought to be more ubiquitously expressed, as the 4C7 antibody used to detect its expression actually detected α5 chain expression instead (Falk et al. 1999) . Despite its minor appearance in adult organisms, laminin 111 has been one of the most well studied laminins and is orthologous to laminins found in invertebrates, suggesting its evolutionarily ancient history (Colognato and Yurchenco 2000; Yurchenco et al. 2004 ). The α2 chain, found in laminins 2 (211), 4 (221), and 12 (213) is mostly localized to the neuromuscular system such as basement membranes of the myofiber sarcolemma and the neuromuscular junction. The α3 chain, found in laminins 5 (332), 6 (311), and 7 (321), is found in skin and other epithelia. Laminin 5 (332), 6 (311), and 7 (321) are often found bound to each other in human skin and amnion (Hirosaki et al. 2002) . The α4 chain, found in laminins 8 (411), 9 (421), and 14 (423), is localized to cells of mesenchymal origin. Laminin 8 along with laminin 10 is the major laminins of the vascular endothelial cells. Laminin 8 is also found on secreted by cells derived from the bone marrow (Wondimu et al. 2004 ). The α5 chain, found in laminins 10 (511), 11 (521), and 15 (523), is widely expressed throughout the body in adult epithelial, neuromuscular, and vascular tissues. It is also found in significant quantities during embryogenesis, along with the α1 chain (Colognato and Yurchenco 2000) .
X. LAMININS AND DEVELOPMENT Early Embryogenesis
Knock out mouse models have imparted valuable information on the critical role of laminins in development. Through such studies, laminins-111 and 511 have been found to assume essential roles during embryonic development. Laminin-111 is highly expressed during early embryogenesis and deletion of any of its subunits results in peri-implantation lethality. γ1 subunit and β1 subunit deletion resulted in the failure of formation of laminins and consequently the blastocyst's visceral and parietal (Reichert's) basement membranes. These embryos died after implantation at E5.5. However, both γ1 and β1 are chains common to laminin-511, which is also widely expressed in the embryo. By specifically deleting the α1 chain, embryos survived to E7, possibly due to partial compensation by the α5 chain. A visceral basement membrane was detectable in these embryos, however Reichert's membrane failed to develop (Yurchenco and Wadsworth 2004) . Moreover, overexpression of α5 in the homozygous α1 null embryos allowed gastrulation to proceed (Miner et al. 2004a) . These experiments suggest that laminin-111 plays an important role in basement membrane assembly, is partially compensated by laminin-511, and is critical for early embryogenesis to proceed. It can be argued that lethality was prevented from occurring at an earlier stage due to maternal contribution of laminins to the homozygous embryos (Miner and Yurchenco 2004b) .
Further insight into the importance of laminins to basement membrane initiation and assembly was obtained from a number of studies that examined the effects of deleting other major components known to contribute to the structural integrity of the basement membrane. For some time, it was not known whether basement membrane assembly was dependent on formation of the collagen network, with subsequent integration of laminins via linkers such as nidogen, or whether assembly was simply dependent on the formation of the laminin network. As demonstrated in studies examining collagen IV knockout mice, early embryogenesis proceeded with normal deposition and initiation of basement membrane assembly. However, these mice died at E 10.5-11.5 with abnormal basement membranes and a structurally inadequate Reichert's membrane. This suggested that despite collagen IV's prominent role in stabilizing the basement membrane architecture via formation of a polymerizing network, it is not necessary in the initiation of basement membrane assembly (Poschl et al. 2004 ). Thus laminins appear essential for basement membrane development in the early stages of embryogenesis, while collagen IV is needed as the basement membrane continues to develop. Other studies involving nidogen knock out mice found that absence of nidogen 1 or 2 did not affect embryogenesis or basement membrane architecture. Such mice develop normally and are fertile (Murshed et al. 2000; Schymeinsky et al. 2002) . Because the nidogen isoforms could functionally compensate for each other, nidogen 1 and 2 double knockouts were created. In these mice, embryogenesis and organogenesis proceed unimpeded. However, these mice cannot survive beyond birth as a result of abnormal basement membrane architecture affecting late heart and lung development (Bader et al. 2005) . Taken together, these experiments demonstrate that laminin alone, especially laminin-111, can provide sufficient architectural support for basement membrane assembly in early embryogenesis, but additional molecular linkers and networks are required later in development for complete integrity of the basement membrane and hence proper organ formation and embryonic viability.
Embryonic Organogenesis
Laminin-511, along with laminin-111, is also widely expressed in all basement membranes during embryogenesis, with an expression pattern that becomes more restricted as development proceeds. Its absence disrupts the development of multiple organs, consistent with its ubiquitous pattern of expression through much of embryogenesis. Embryonic lethality occurs later than homozygous laminin-111 null mice, at E16.5, presumably because its presence is critical at later stages of embryogenesis. Miner et al performed several studies with α5 knockout mice and noted a variety of developmental anomalies within the neural, limb, and placental tissues of homozygous null mutants, consistent with areas of the body where α5 is normally expressed within the basement membrane. Distal extremities of mutant embryos failed to septate into individual digits. When sections of the limbs were examined under the microscope, it was found that the ectodermal basement membrane was discontinuous and the mesenchyme had extruded through the defects to cap the ectoderm. This abnormal reorganization of the forelimb caused by mesenchymal displacement was suggested to result in the observed syndactyly. Most mutant embryos also developed exencephaly. The lack of proper anterior neural tube closure was likely secondary to structurally abnormal basement membranes near the neural folds, which have been thought to be responsible for tube closure. Examination of the placental labyrinth in mutants revealed large vessels with reduced branching and trophoblasts that do not properly adhere to the basement membrane. This last developmental abnormality is likely the largest contributor to embryonic lethality (Miner et al. 1998) . .
In addition to the three main developmental anomalies noted, Miner also noted defects in the lung and kidneys of the homozygous α5 mutant embryos. In subsequent studies, Miner found that the α5 chain is the main α chain type involved in the development of the pleural basement membrane and is necessary for proper septation of the lung. However, lung morphogenesis and vascular development were not impaired, and it is thought that either expression of other alpha chains is required, or that compensation by other alpha chains may be sufficient to compensate for α5 deficiency (Nguyen et al. 2002) . The α5 chain also contributes to later stages of lung development, as demonstrated by experiments using inducible lung epithelial cellspecific α5 knockouts. It was found that mutant fetuses exhibited enlarged alveoli, impaired or absent differentiation of type I and II alveolar cells, and decreased capillary density. These developmental defects occurred despite structurally normal alveolar basement membranes and preservation of α5 within the vascular endothelial cells, suggesting that laminin-511 plays important signaling functions that direct lung development (Nguyen et al. 2005) . Kidneys of α5 homozygous mutants also showed abnormal development. A small percentage of mutants had unilateral or bilateral renal agenesis, thought to be caused by defects in the ureteral outgrowth towards mesenchymal tissue, with which it interacts to generate reciprocal signals for induction of kidney formation. The basement membrane of the Wolffian duct, from which the ureteral bud arises, normally expresses the α5 chain. Glomeruli in these mice also lacked a basement membrane and hence could not support proper endothelial and podocyte attachment to form structurally intact glomeruli (Miner et al. 2000) .
The α5 chain has also been implicated in cutaneous development, particularly hair follicle formation. Laminin-511 expression is increased around the basement membrane of hair follicles and has been shown to be upregulated throughout the anagen phase (Li et al. 2003; Sugawara et al. 2007) . In knockout mouse studies, the dermal-epidermal basement membrane of α5 homozygous mutant mouse embryos was noted to be discontinous. Mutant skin revealed reduced hair follicles in the skin compared to wild type controls. Grafting of the mutant embryonic skin onto nude mice revealed that laminin-511 deficient skin continued to display absent hair development compared to wild type control grafts. Interestingly, hair development could be restored with addition of human exogenous laminin-511 (Li et al. 2003) .
As the α3β1 and α6β1 integrins are known to be the main cellular receptors for laminin 511, it is not surprising that similar developmental abnormalities can be replicated in mice with α3 or α6 integrin deletions. Although mice with individual mutations in α3 or α6 integrins exhibit some similarities with homozygous laminin α5 mutants, the similarities become striking when both α3 and α6 are mutated. Such mice exhibit syndactyly, exencephaly, abnormalities in lung septation/alveolarization, and urogenital abnormalities. These similarities can be explained by the necessity for both integrin receptors to interact with laminin-511 during development of these specific organs. On the other hand, some of the developmental abnormalities in these mice not observed with laminin-511 mutants can be explained by the need for additional integrin-ligand interactions independent of laminin-511 (De Arcangelis et al. 1999) . Conditional ablation of the β1 integrin in the skin of mice produced a similar phenotype to the skin findings of laminin α5 knockout mice. The dermal-epidermal basement membranes of these mutants were ultrastructurally abnormal and failed to support hair follicle development. Additionally, these mice exhibited severe blistering, possibly related to an indirect need for β1 integrins in hemidesmosomal assembly (Brakebusch et al. 2000; Raghavan et al. 2000) .
XI. CONCLUSIONS
Much advancement has been made in our understanding of laminin biology in recent years. Laminins are now recognized to be one of the most important basement membrane components, with diverse structural and active regulatory functions that arise from the interactions of its various domains to cellular receptors and other ligands. In vitro and in vivo knock out mouse studies have elucidated key roles of laminins on cellular behavior and embryonic development. Additional studies are still needed to further characterize the molecular and signal transduction determinants of cellular motility and its relevance to pathologic processes that arise from abnormal cellular motility or adhesion. The construction of different laminin conditional knock out mouse models in the future can also help further clarify the developmental role laminins within the postnatal organism. Information derived from such studies may allow us to develop effective clinical tools to diagnose and treat congenital conditions, malignancies, and disease states that arise from perturbation of normal laminin function. Domains of laminin alpha, beta, and gamma chains. Short arms of each chain are comprised of rodlike EGF-like tandems (LEa, LEb, LEc) and globular domains (LN, L4a, L4b, L4, LF) . Long arms of each chain are comprised of alpha helical coils (LCC). Beta chains have a characteristic interruption of the coiled-coiled structure, known as the laminin β-knob domain (Lβ). Alpha chains also have a distinctive globular domain, consisting of five repeats (LG1-5), at the C terminal of the long arm (Patarroyo et al. 2002) . Laminin 332 processing occurs in alpha, beta, and gamma chains. Note that processing occurs at both N and the LG3-G4 site of the C terminals in the alpha 3A chain (Aumailley et al. 2003) . The α2 and α4 chains also undergo processing at the LG3-G4 site (Talts et al. 1998; Talts et al. 2000) . The α5 chain undergoes N terminal processing at multiple sites within the EGF-like domains (Bair et al. 2005) . The β3 chain undergoes processing at two sites along its short arm (Nakashima et al. 2005) . Processing of the γ chain occurs at two sites as well, producing an internal DIII fragment that is implicated in cell motility (Koshikawa et al. 2005; Veitch et al. 2003) . Cleavage sites are indicated by arrows. Structure and composition of dermal-epidermal basement membrane zone. Laminin 511 and collagen IV constitute the major polymeric networks of the lamina densa, connected by nidogens as well as interactions with heparan sulfate proteoglycans such as perlecan. Laminin 332 is a component of the hemidesmosome-anchoring filament complex, bridging the cell surface with the dermis. It is linked to the rest of the ECM through its interactions with type VII collagen and laminin 311. Assembly of laminin heterotrimers. Shown here is the assembly of the laminin 332 heterotrimer. Individual chains have all been glycosylated prior to dimmer/trimer assembly. Assembly begins first by the stable association of the β and γ chains. The α chain then combines with this dimer in order for the trimeric molecule to be secreted out of the cell. Addition of the α chain is the rate limiting step (Schneider et al. 2006) . Proteolytic processing occurs after the trimer is secreted extracellularly. Laminin 332 is a major component of the extracellular matrix of many epithelial cells. Shown here by triple label indirect immunofluorescence microscopy, laminin 332 localizes to trails behind migrating human keratinocytes along with its ligand α6β4 integrin. Actin staining is also included to indicate position of the cell. (Brandenberger et al. 1996) Muscle cell structural integrity Alpha 2 deletion: Adult lethality, muscular dystrophy (Miyagoe et al. 1997 ) Congenital muscular dystrophy A1 (CMDA1) (Helbling-Leclerc et al.
1995)
Laminin 3 Muscle cell (neuromuscular junction) (Brandenberger et al. 1996) Muscle cell structural integrity Alpha 2 deletion: Adult lethality, muscular dystrophy (Miyagoe et al. 1997 ) Congenital muscular dystrophy A1 (CMDA1) (Helbling-Leclerc et al.
Laminin 5 3 A 3 2 Skin (Rousselle et al. 1991) , placenta, mammary glands (Doliana et al. 1997) Hemidesmosome formation, cellular migration Alpha 3 deletion: Neonatal lethality from blistering condition (Ryan et al. 1999) Junctional epidermolysis bullosa
Laminin 5B 3 B 3 2 Skin, uterus, lung (Doliana et al. 1997) Not known 
1992b)
Association with laminin 5 for ECM assembly Alpha 3 deletion: Neonatal lethality from blistering condition (Ryan et al. 1999) N/A Laminin 7 3 A 2 1 Skin, Amnion (Champliaud et al. 1996) Association with laminin 5 for ECM assembly Alpha 3 deletion: Neonatal lethality from blistering condition (Ryan et al. 1999) N/A (Thyboll et al. 2002) , platelet, white blood cells (Wondimu et al. 2004) Neutrophil migration/extrava sation (Wondimu et al. 2004) , endothelial development Alpha 4 deletion: Embryonic and neonatal hemorrhaging, locomotion defects (Thyboll et al. 2002) N/A (Thyboll et al. 2002) , platelet, white blood cells (Wondimu et al. 2004) Neutrophil migration/extrava sation (Wondimu et al. 2004) , endothelial development Alpha 4 deletion: Embryonic and neonatal hemorrhaging, locomotion defects (Thyboll et al. 2002) N CNS synaptic organization (Libby et al. 2000) N/A N/A
